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Core ldeas

¢ O horizons account for the majority
of DOM entering B horizons in these
sandy soils.

e There was less exchange with SOM in
sugar maple stands compared to red
pine stands.

* Microbial processing of DOM inputs
appears to be important in the
formation of SOM.

Dissolved organic matter (DOM) translocated from O horizons has been
viewed as the main source of subsoil carbon (C) in Spodosols. However,
recent studies in other soil types have concluded that little O horizon
DOM reaches the subsoil directly. We investigated whether C derived from
O horizons contributes to deep-soil C stores in six Spodosol profiles under
coniferous (red pine) or deciduous (sugar maple) forests. We used spectro-
scopic, stable-isotope and pyrolysis-gas chromatography/mass spectroscopy
analysis of DOM and solid phase soil samples to assess whether O horizon
C was transported directly to deep soil horizons or had been exchanged with
mineral soil organic matter (SOM) pools. All three approaches indicated
that O horizons are the source of the majority of DOM entering B horizons,
with little contribution from desorbed SOM. Despite a greater stock of O
horizon C in red pine stands, there was no difference between forest types
in the quantity of C delivered to B horizons (18 g C m~2 y~1). However, C
derived from O horizons accounted for ~95% of the C entering B horizons
in sugar maple stands, but only ~80% in red pine stands. Molecular analy-
sis of DOM and SOM also showed a greater resemblance of B horizon SOM
to DOM in sugar maple stands; however, it also clearly indicated the impor-
tance of microbial processing of input C in the formation of B horizon SOM.
Our results demonstrate the strong connection between O horizons and deep
soil C stocks in these sandy Spodosols and indicate that future changes in the
quantity or quality of DOM entering the mineral soil have the potential to
alter the delivery of surface C to depth.

Abbreviations: DOM, dissolved organic matter; ITM, imogolite-type minerals; SOM, soil
organic matter.

orldwide, deep soil horizons (>20 cm depth) represent a tremendous
reservoir of stored carbon (C; ~1700 Pg) (Jobbagy and Jackson,
2000). Despite this, the properties and dynamics of C stored in sub-
surface horizons are poorly understood (Harrison et al.,, 2011; Rumpel and Kogel-
Knabner, 2011). Dissolved organic matter (DOM) originating from surface O
horizons has traditionally been viewed as a major source of organic C in the sub-
soil (Kalbitz et al., 2005; Sayer, 2006). This is particularly the case for Spodosols
(Podzols), where years of research have focused on the transport of O horizon C
to depth as the dominant pedogenic process (Lundstrém et al., 2000; Sauer et al.,
2007). In this model, DOM generated in O horizons is transported by percolating
water through the E horizon, where it is deposited at depth, building organic C
stocks in the B horizon below.
On the other hand, several recent studies, using isotopically labeled litter ad-
ditions (Hagedorn et al,, 2002, 2004, 2012; Froberg et al., 2007; Kramer et al,,
2010), have concluded that, in some soils, little of the DOM solubilized from sur-
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face litter reaches the subsoil directly, implying that O horizon
C is largely “disconnected” from mineral soil C stocks (Garten,
2009). These findings, along with other work investigating the
contribution of root turnover to SOM (Rasse et al., 2005; Bird
and Torn, 2006) and the contribution of microbial products to
SOM (Miltner et al., 2012; Gleixner, 2013; Kallenbach et al.,
2016), have led to the prevailing view that in situ root production
and decay and microbial products represent the main source of C
in mineral soils, with little direct contribution from O-horizon
derived DOM. The apparent disconnect between surface litter
C and mineral soil C, and the predominance of roots as a source
of mineral soil C, has even made its way as a general principle
into the literature on management of forests for C sequestration
(Price et al., 2012).

This emerging view of a disconnect between surface O
horizons and the subsoil is at odds with decades of research on
Spodosol genesis, which have consistently concluded that C-rich
Bhs horizons result from downward percolation of DOM de-
rived from the O horizon, (Lundstrom et al., 2000; Sauer et al.,
2007). Furthermore, in their conceptual review of soil DOM dy-
namics, Kaiser and Kalbitz (2012) argued that rapid exchange
between DOM and SOM should be reduced under conditions
of low SOM, low reactive mineral contents and fast water move-
ment. Thus Spodosols, with a sandy upper solum (E horizon)
with low SOM and stripped of reactive minerals should repre-
sent ideal conditions for the direct delivery of surface C to depth.

In addition to physical and chemical properties of the min-
eral phase, the chemical composition of input DOM also can
have a strong influence on the degree of exchange between DOM
and SOM as water percolates through soil. Specifically, hydro-
phobic, lignin-derived compounds in DOM appear to preferen-
tially sorb and displace more hydrophilic compounds from soil
reactive surfaces (Kaiser and Guggenberger, 2000; Kaiser and
Kalbitz, 2012; Scott and Rothstein, 2014). This suggests that
differences in litter chemistry among forest cover types, particu-
larly with respect to litter lignin content, may also influence the
delivery of surface C to depth.

We investigated the potential for O horizon C to contribute
to deep-soil C stores in six well-developed Spodosol pedons in
northern Michigan, USA. Three of the soils are under decidu-
ous angiosperm (sugar maple; Acer saccharum Marsh.) forest,
while the other three are beneath evergreen conifer (red pine;
Pinus resinosa Aiton) plantation forest. We hypothesized that C
derived from O horizons should make a greater contribution to
DOM entering the B horizon in these coarse-textured Spodosols,
when compared to what has been recently reported for other soil
types. We further hypothesized that the exchange of O-horizon
DOM with SOM would be greater in red pine stands because
of the higher lignin content of red pine litter compared to sugar
maple litter (Aber et al., 1990). Finally, we hypothesized that the
molecular composition of B horizon SOM would bear a strong
resemblance to O horizon DOM, indicative of surface organic

horizons as the main source of subsoil C.

METHODS AND MATERIALS
Study Sites, Soil Characterization,
and Instrumentation

We selected six study sites in the Upper Peninsula of Michigan
by first developing a list of candidate stands in a Geographic
Information System (GIS) based on vegetation (sugar maple or red
pine as the dominant overstory species), stand age (250 yr old),
soil parent material (sandy glacial outwash), and soil classification
(well-drained Haplorthods and Durorthods). We developed an
initial list of 30 red pine and 17 sugar maple stands that met these
criteria within ~10 km of each other. Potential stands were then
visited and eliminated if: (i) the parent material was not outwash,
(ii) the stand showed evidence of recent disturbance, especially
harvesting, or (iii) the soil had been furrowed during planting of
red pine. The final six sites (3 red pine and 3 sugar maple) were
located within an approximately 17-km? area on a sandy upland
in the eastern Upper Peninsula of Michigan. Pre-settlement veg-
ctation at our study sites consisted of beech (Fagus grandifolia
Ehrh.)-sugar maple-hemlock [Tiuga canadensis (L.) Carriére]
forest, which was harvested during the late 19th to early 20th
century (Comer et al.,, 1995). Sites currently assigned to our sugar
maple treatment appear to have regenerated naturally following
logging, whereas sites assigned to our red pine treatment appear to
have experienced severe post-logging fire and were replanted to red
pine as part of reforestation efforts of the 1930s.

At cach site we located study plots on level ground, with
minimal disturbance from tree uprooting. At each plot we exca-
vated a 6-m long by 1.8-m deep trench, and a cleaned pit face was
described and sampled by the standard methods (Schoeneberger
et al., 2012). Typical horizon sequences were Oi, Oe, E, Bhs, Bsl,
Bs2, and Bw at sugar maple sites and Oi, Oe, E, Bs1, Bs2, Bs3, and
Bw at red pine sites. O horizon samples were collected using a 30-
cm by 30-cm sampling frame, whereas mineral soil samples were
collected by horizon from the pit face. Bulk density samples for
each mineral soil horizon were taken using a thin-walled alumi-
num ring, of 10-cm diameter, driven into the pit face. Fine roots
(<2 mm diameter) were sampled by collecting three 5.1-cm diam-
eter cores from the top of the Oe to 50-cm depth into the mineral
soil, which were sectioned into 10-cm increments. Fine roots were
hand-picked from the Oe horizon and each 10-cm mineral soil in-
crement, washed on a 0.5-mm sieve and oven dried at 65°C.

All soil samples were air dried and lightly ground to pass a
2-mm sieve. Subsamples of all mineral and organic soil horizons
were pulverized in a ball mill and analyzed for C concentration
by dry combustion gas chromatography on a Costech ECS 4010
(Costech Analytical Technologies Inc., Valencia, CA). Soil tex-
ture was determined on organic matter-free (HZOZ)’ dispersed
[(NaPO;);xNa,0] samples using a Malvern Mastersizer
2000E laser particle size analyzer (Miller and Schaetzl, 2012).
Iron (Fe), aluminum (Al), and silicon (Si) extractions were con-
ducted on all mineral soil samples, using traditional extractants
of sodium citrate-dithionite, Na-pyrophosphate, and acid am-
monium oxalate (McKeague, 1967) and analyzed by inductive-
ly-coupled plasma, atomic emission spectrometry (Optima 2100
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Table 1. Vegetation and soil characteristics of the red pine (RP, 1-3) and sugar maple (SM, 1-3) study sites.

RP1 RP2 RP3 SM1 SM2 SM3
Latitude (N) 46.33 46.32 46.31 46.32 46.32 46.32
Longitude(W) 85.02 85.02 85.02 85.04 85.06 85.06
Contemporary vegetation
Stand basal area, m? ha™'t 47.5 42.9 383 36.0 33.7 32.1
Relative dominance, %t
Pinus resinosa 98.4 91.1 98.0 0 0 0
Pinus strobus 1.6 8.9 2.0 0 0 0
Acer saccharum 0 0 0 100 84.1 66.7
Acer rubrum 0 0 0 0 0 23.8
Fagus grandifolia 0 0 0 0 4.5 2.4
Prunus serotina 0 0 0 0 9.1 7.1
Betula alleghaniensis 0 0 0 0 2.3 0
Stand age (in 2012)% 78 78 75 98 97 97
Soil property
O horizon C stock, kg m=2 2.5 2.3 2.0 1.0 1.0 0.5
E horizon C, g kg™ 16.8 5.8 3.7 4.0 1.4 1.7
Uppermost B horizon C, g kg™! 20.6 9.4 18.6 11.0 11.1 9.6
Second B horizon C, g kg™! 8.2 8.8 8.9 7.5 7.5 7.4
E horizon bulk density, g cm=3 1.18 1.23 1.36 1.31 1.28 1.26
E horizon texture, % silt+clay 12.1 10.3 1.3 11.3 11.0 9.5
B Horiz. Texture (% silt+clay)§ 4.5 7.2 7.4 9.8 7.1 4.4
E horizon ITM, %8§ 0.0066 0.0061 0.0054 0.0016 0.0003 0.0067
B horizon ITM, %§ 0.85 0.58 1.24 0.47 0.40 0.58
Second lysimeter depth, cm T 10 17 11 8 26 17
Third lysimeter depth, cmq 43 55 55 53 50 70

t Determined in the field with 10 Basal Area Factor angle gauge at three points per stand.

¥ From USDA-Forest Service Stand Inventory Database.

§ IMT, imogolite-type minerals; B-horizon texture and percentage of ITM is a depth-weighted average of the two uppermost B horizons (i.e., those

directly above the lowermost lysimeter).

9 Installation depth of each lysimeter, relative to the top of the mineral soil. The second lysimeter depth corresponds to the bottom of the E
horizon; the third lysimeter depth corresponds to the bottom of the B horizon (usually Bs1 or Bs2).

DV, PerkinElmer, Bridgeport, CT). For this study we calculated
the amount of imogolite-type minerals (ITM), an important
phase of short-range order minerals, using the ammonium-ox-
alate extractable Si and the calculation formula of Mizota and
Van Reeuwijk (1989), assuming a molar ratio of Al to Si(X) of 2.
Initial vegetation and soil characteristics for all six study sites are
reported in Table 1 and fine root biomass by depth in Table 2.
One zero-tension lysimeter was installed at the base of the
O, E, and second B horizons in each plot (Fig. 1). Thus our first
lysimeter captured water leaving the O horizon and entering the
mineral soil, our second lysimeter captured water entering the B
horizon and our third lysimeter captured water draining from the
lower B horizon. Average depths for the E and B horizon lysim-
eters were 15 and 54 cm, respectively (Table 1). The lysimeters
were constructed using 16-cm diameter HDPE funnels filled
Table 2. Fine root (<2-mm diameter) biomass by depth for red

pine and sugar maple stands. Values are means + 1 SE of three
stands per ecosystem type.

Red pine Sugar maple

Soil depth Fine root biomass
gm2

Oe horizon 432 +£23.0 255 +57.6
0-10 cm 221 +42.8 180 +£42.2
10-20 cm 155 +31.7 216 £25.9
20-30 cm 104 +11.1 130 £ 6.1
30-40 cm 42 £9.6 90 +31.6
40-50 cm 20 £ 10.7 18 £ 0.6

with combusted (550°C), acid-washed (10% HCI) quartz sand,
as described by Wilson et al. (1995) and MacDonald et al. (2008).
This type of lysimeter is suitable for collecting soil solution in fast
flowpaths (e.g., Weihermiiller et al., 2007) the dominant form of
soil solution in coarse-textured and unstructured soils. Lysimeters
were installed at staggered horizontal locations along the pit face.
Funnels were supported with custom-made ABS plastic holders,
outfitted with turnbuckles that were used to raise the lysimeters

into contact with undisturbed soil above (Fig. 1).

Fig. 1. Photograph showing the location and installation of zero-
tension lysimeters below the Oe horizon (right), E horizon (middle)
and lower B horizon (left).
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Lysimeter Sampling and C Flux Measurements

The six plots were instrumented in May 2012, and lysime-
ters first collected on 28 June 2012. After that, we monitored US
National Weather Service projections of precipitation and snow-
mele (hteps://www.nohrsc.noaa.gov/nsa/) and traveled to the
sites to collect lysimeter samples after rain or snowmelt events of
2 cm or more water equivalency. The one exception to this sam-
pling approach was during the ~4 wk period of nearly continuous
melting of the snowpack that occurred each spring. During this
period we visited sites and cleared lysimeters weekly until all snow
was gone from our plots. Samples were collected in HDPE bottles
and kept on ice for transport back to the laboratory, where they
were filtered (0.45 pM Millex MCE Membrane; Merck Millipore
Inc.; Cork, IRL) and then frozen (=20°C) for future analyses. To
provide for an equilibration period following the disturbance as-
sociated with plot instrumentation, we discarded the water col-
lected between June and September, 2012. Here we report data
for two full water-years- from 1 Oct. 2012 through 30 Sept. 2014,
encompassing 36 individual sampling dates. We analyzed every
lysimeter sample collected for dissolved organic C (DOC) by
oxidative combustion-infrared analysis (Shimadzu TOC-VCPN,
Shimadzu Corp., Kyoto, Japan).

We used the BROOK9O forest hydrological model (Federer,
2013) to estimate the volume of water percolating through the
soil. We supplied the model with daily precipitation and tem-
perature data from a nearby National Weather Service Station
(Newberry, MI; station ID USC00205816) and parameterized
the model separately for each of our six sites based on soil tex-
ture, horizon depths and vegetation type (evergreen conifer vs.
broadleaved deciduous). To determine DOC fluxes over each
sampling interval, we summed the daily estimates of water flux at
cach depth over the collection period and multiplied that by the
DOC concentration of the sample.

We collected 512 lysimeter samples over 36 sampling dates
between 1 Oct. 2012 and 30 Sept. 2014. If all lysimeters had
produced sample on every sample date, we would have had 648
samples. When a lysimeter was empty (dry) but BROOK90 esti-
mated water flux over that period, we gap-filled DOC concentra-
tion data by averaging values from the most recent sample dates
before and after. Because empty lysimeters occurred primarily dur-
ing dry summer months when little water was moving through the
profile, we expected that gap filling of concentrations would have
relatively little influence on DOC flux estimations. To test this, we
separately calculated cumulative DOC fluxes using only dates for
which we collected samples. Across the 2-yr study, sample dates
with directly-measured DOC concentrations accounted for 98,
99, and 92% of our total estimated flux from the O, E and B hori-
zons in sugar maple stands and 97, 96, and 79% in red pine stands.

DOM and SOM Chemistry

We conducted detailed analyses of DOM chemistry on
samples collected on six dates (21 Oct. and 12 Nov. 2012, and 27
Apr., 23 July, 30 July, and 26 Aug. 2013) using isotopic and spec-
troscopic methods. We selected these dates based on two criteria.

First, because they had the most complete representation of sam-
ples with almost all of the lysimeters yielding samples. Second,
because they were well distributed across the year, capturing the
three distinct periods of hydrologic flux we had described previ-
ously (Schaetzl et al., 2015): spring snowmelt (27 Apr. 2013),
summertime storms (23 July, 30 July, and 26 Aug. 2013), and
post leaf-senescence rains (21 Oct. and 12 Nov. 2012).

We measured ultraviolet absorption of lysimeter samples
at 254 nm on an ATI Unicam UV/Vis Spectrophotometer
(ThcrmoSpcctronic, Rochester, NY) usinga 1-cm quartz cuvette
and report data as specific UV absorbance (SUVA25 4), normal-
ized for the DOC concentration in each sample (Weishaar et al.,
2003). The natural abundance §13C of DOC (hereafter referred
to as DO'3C) was determined using an O.I. Analytical Model
1030 TOC Analyzer (OI Analytical, College Station, TX) in-
terfaced to a PDZ Europa 20-20 isotope ratio mass spectrom-
eter (Sercon Ltd, Cheshire, UK) at the University of California,
Davis Stable Isotope Facility. Values of §!3C are expressed with
respect to Vienna Pee Dee Belemnite.

The molecular chemistry of DOM was determined using
pyrolysis-gas chromatography/mass spectroscopy (py-GC/MS)
of lyophilized samples collected during the spring 2013 snow-
melt period. To generate the minimum of 3 mg of total C needed
for py-GC/MS analysis we pooled O- and E-horizon solutions
from across three sample dates (19 Apr., 27 Apr., and 4 May
2013), prior to freeze-drying. C concentrations in B horizon ly-
simeter samples were so low that we were forced to pool across
the same three sample dates, and across our three sites, yielding
only one sample for each ecosystem type.

To better understand the potential contribution of sur-
face-litter derived DOM to subsoil C stocks, compared to
that of other C sources, we also analyzed solid samples of fine
roots (composited across depths), Oi, Oe, E and the uppermost
B horizons (Bhs or Bsl) by py-GC/MS. Lyophilized DOM
samples and solid samples were pulse-pyrolyzed at 600°C on a
Pyroprobe 5150 (CDS Analytical Inc., Oxford, PA), transferred
to a gas chromatograph (Trace GC Ultra, Thermo Scientific)
for pyrolysis-product separation and then transferred to a mass
spectrometer (Polaris Q, Thermo Scientific) for compound
identification. Mass spectrometer peaks were identified us-
ing the Automated Spectral Deconvolution and Identification
System (AMDIS V 2.65, National Institute of Standards and
Technology, Gaithersburg, MD) and the mass spectral com-
pound library from the National Institute of Standards and
Technology. Individual compounds were expressed as a relative
abundance of the total identifiable peak area and grouped into
the following classes based on their origin: lignin-derived com-
pounds (lignin subunits and their derivatives), other aromatics,
lipids, proteins, other N-bearing compounds, phenols, polysac-
charides and unknown-origin compounds (Grandy et al., 2008,
2009; See Supplemental Tables S1 to S3 for a list of specific com-

pounds and their assigned classes).
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DOM-SOM Exchange

To estimate the degree to which O horizon C was trans-
ported directly to deep soil horizons vs. exchanging with mineral
soil SOM enroute, we compared the chemistry of DOM from
E- and B-horizon lysimeters to end members representative of:
(1) O-horizon input DOM and (2) the potentially-exchangeable
SOM pool. The O-horizon input DOM endmember was sim-
ply lysimeter DOM collected from the uppermost lysimeter in
each plot and includes DOM contributions from leaf litter in
the Oi horizon and leaf litter and fine roots in the Oe horizon
(Fig. 1). For the potentially-exchangeable SOM end-member, we
conducted a column leaching experiment with intact soil cores to
obtain samples that would closely represent the chemical charac-
teristics of potentially-soluble SOM under field conditions (e.g.,
Zsolnay, 2003). Our goal here was to collect samples to assess the
chemical characteristics of the potentially soluble pool of SOM
as defined by Sanderman et al. (2008). To accomplish this we
collected two sets of five intact cores from both red pine and sug-
ar maple ecosystems: one set containing the entire E horizon and
the other set containing the uppermost 45 cm of the B horizon.
The E horizon cores were used to collect soluble SOM represen-
tative of soil above the middle lysimeter (Fig. 1), whereas the B
horizon cores were used to collect soluble SOM representative
of soil above the lowermost lysimeter (Fig. 1). Cores were col-
lected on March 10, 2013 and returned on ice to the laboratory.
The cores were placed on top of glass funnels packed with glass
wool in a 5°C cold room and leached with a 0.01 mM CaCl,
solution (adjusted to pH 4.1; average pH of lysimeter solutions
from our sites), at a rate of 3 to 4 mL min~! until at least 400 mL
of leachate had been collected. Whereas, many factors such as
ionic strength, pH, and DOM concentrations will affect the de-
sorption of SOM in situ, for simplicities sake we chose to use di-
lute CaCl, adjusted to the average pH of our lysimeter solutions
because numerous studies have suggested this to be appropriate
for collecting samples representative of potentially-soluble SOM
(e.g.» Reemtsma et al,, 1999; Zsolnay, 2003; Ros et al., 2010).

Column leachate samples were analyzed for DO3C,
SUVA, and py-GC/MS as described above for lysimeter sam-
ples. The DOM concentrations and volumes from our column
leaching experiment were so low that we had to composite all
of our column leachate solutions (across both ecosystems, E and
B horizons and all replicates) to generate enough C for a single
py-GC/MS analysis. We compared SUVA, 5, and py-GC/MS
of our mixture samples (E and B lysimeters) to our endmembers
graphically. We used the DO'3C data to quantitatively estimate
the proportional contribution of O-horizon C to DOC moving
into and out of the B horizon using a two end member mixing
model, with DOC draining from the O horizon representing
our one end member, and column-extracted DOC represent-
ing the other. Because it has been shown that extractable or-
ganic C typically is more enriched in §!3C than its source SOC
(Gauthier et al., 2010; Nakanishi et al., 2012), we also ran our
mixing model separately with 813C of bulk SOM as an endmem-
ber for purposes of comparison (see Discussion). Statistical sig-

nificance of differences in §13C between end members was first
established using simple # tests (significant at P < 0.01 for both
end members in both forest types). We then entered mean values
and standard deviations of §!3C from these end members, as well
as DOC draining the E and B horizons into the isotopic mixing
model Iso-Error (Phillips and Gregg, 2001), to estimate means
and standard errors for the proportional contribution of surface
C to DOC fluxes, while accounting for uncertainty in source-
pool enrichment. We initially ran mixing models for each sea-
son (spring, summer, autumn) separately; however we observed
very little variability in calculated mixing ratios across seasons
(CVs <10% across seasons). Mixing ratios reported in Table 3
are based on isotopic values across all seasons. It should be noted
that this approach does not account for potential contributions
of DOM from fine roots or root exudates in the mineral soil,
which likely would have a 13C natural abundance similar to that
of O horizons (Garten et al., 2000, 2008).

Data Analysis

Differences in DOC fluxes, SUVA, 5, and DO'3C between
ecosystems and across horizons and seasons were analyzed using
alinear mixed model, in SAS version 9.3 software (SAS Institute,
2010). We defined seasons as summer (between snowmelt and
leaf senescence of deciduous trees), autumn (between leaf senes-
cence and first snow accumulation), winter (between first snow
accumulation and the onset of sustained spring snowmelt) and
spring (between onset of spring snowmelt and loss of snow cover
from all plots). Variance parameters were estimated using the
restricted maximum likelihood procedure. Ecosystem type, sam-
pling depth, season and all interactions were included as fixed ef-
fects. Observations were blocked by year, plot, and depth, using
random group effects (G-side). We used an unstructured covari-
ance model to account for the potential depth autocorrelation at
each location. The time autocorrelation was modeled by setting
sampling date as a repeated measure (R-side random effect) with a
first order autoregressive (ART1) covariance structure. Covariance
parameters were allowed to vary according to season. The choice
of covariance structure was guided by goodness of fit and the
Bayesian information criteria (Schwarz, 1978). Degrees of free-
dom were calculated using the procedure developed by Kenward

Table 3. Proportional contribution (%) of surface-derived C to
total dissolved organic C draining from the E horizon or the
second B horizon in red pine and sugar maple stands. Data
are means (+ 1 SE) calculated from a two end-member mixing
model based on §'3C natural abundance using 8'3C of either
bulk SOC or column-extracted DOC as a soil end member.
Horizon-specific (E or B) end members were used separately
for E horizon and B horizon mixing models.

www.soils.org/publications/sssaj

Bulk SOC Column Leachate
End Member End Member

Red Pine

E horizon 78 (11.8) 85 (8.7)

B horizon 46 (9.1) 61 (7.7)
Sugar Maple

E horizon 94 (9.2) 96 (6.5)

B horizon 74 (10.7) 80 (8.3)
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and Roger (1997). Model diagnostics (normality, homoskedas-
ticity, goodness of fit) were assessed on the conditional residuals
(Haslete and Haslett, 2007). Means were compared using a £ test
with no provision for multiple inferences (Webster, 2007). The
significance level of all statistical tests was set to o = 0.05.

We compared molecular chemistry (py-GC/MS) of lysimeter
DOM and SOM across ecosystems and depths using non-metric
multidimensional scaling (NMDS) with random starts to avoid lo-
cal minima (Oksanen et al., 2010). We used Bray-Curtis distances of
the original data and conducted ordinations for: (1) all DOM sam-
ples together, (2) all red pine DOM and solid samples together, and
(3) all sugar maple DOM and solid samples together. The analyses
were conducted using the metaMDS function in the vegan library
of R statistical software (R Core Team, 2013).

RESULTS
DOC Fluxes

The 2013 water year was much wetter than normal with
1013 mm of total precipitation, compared to a 30-yr normal of
784 mm. July and August were particularly wet, with 191 and

120 mm of total precipitation, as compared to 30-yr averages of
80 and 89 mm, respectively. The 2014 water year had near-nor-
mal total precipitation (835 mm). The sites received abundant
snowfall in both years with December-January-February precipi-
tation (liquid equivalent) totaling 202 mm in 2013 and 166 mm
in 2014, as compared with the 30-yr average of 142 mm. There
were a handful of warm spells with snowmelt and hydrologic
flux in December 2012 and January 2013, whereas the winter
0f 2013 to 2014 was consistently cold, with no snowmelt events
occurring between December 2013 and April 2014.

Despite the large differences in O horizon thickness and C
stocks between red pine and sugar maple stands (Table 1), there
was no significant main effect of ecosystem type (red pine vs.
sugar maple) on DOC flux (Fig. 2; F 395 < 0.00; P = 0.999). We
observed consistent reductions in the magnitude of DOC fluxes
with depth (FZ, 12 = 62.45; P < 0.001) with total DOC flux aver-
aging29¢gC m2 y71 (+2.8 SD) from the O horizon, 18 gC m~2
y! (+4.4 SD) from the E horizon and 6 g C m~2 y~! (4.0 SD)
from the B horizon. We also observed a strong response of DOC
fluxes to seasons (F3 395 = 137.91; P < 0.001), with the highest
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Fig. 2. Monthly dissolved organic carbon (DOC) fluxes by depth from red pine (A) and sugar maple (B) stands from October 2012 through
September 2014. Data are means = 1 SE of three stands within each ecosystem type.
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ter leaving the O horizon in both

time of site instrumentation, lysimeter dissolved organic matter (DOM) averaged across sample dates,
and DOM from the column-leachate experiment. SUVA, ., values are presented only for lysimeter DOM

ecosystems was highly depleted in  and column-leachate solutions. Lysimeter depths represent averages across the three stands within each
13C, and very similar to that of fresh ~ ecosystem type, whereas soil depths represent horizon midpoints averaged across stands. The dashed

litter (Oi horizon). As water perco- Error bars represent 1 SD.
lated through the E horizon, it was
only slightly more enriched in 13C,
but became more enriched after passing through the B horizon.
The pattern of enrichment of lysimeter DOM with depth dif-
fered between red pine and sugar maple ecosystems, as evidenced
by a significant ecosystem X depth interaction (F, .3 = 4.71;
P = 0.012). In red pine ecosystems, DO3C of E-horizon
samples was significantly greater than that of O-horizon sam-
ples (P = 0.049), whereas in sugar maple ecosystems there
was no change in DO!3C between O- and E-horizon samples
(P =0.652). The DO'3C of B-horizon samples were significant-
ly greater than those of E-horizon samples beneath both red pine
(P < 0.001) and sugar maple (P = 0.010).

Changes, in SUVA, 5, of DOM from in situ lysimeters and
column leachate solutions are shown in Fig. 3B and D. We found
a significant overall effect of ecosystem type on SUVA, 5, values
of lysimeter DOM, with overall greater SUVA, 5, in sugar maple
stands than in red pine stands (Fig. 3 B and D; Fi70 = 9.61;
P =0.003). The SUVA, 5, values of lysimeter samples decreased
significantly with depth (FZ,IZ =10.26; P = 0.002), nonetheless,

vertical line at depth = 0 represents the boundary between organic horizons and mineral soil horizons.

they always remained at least three-fold higher than SUVA,¢4
of CaCl,~extractable DOM from the column leaching experi-
ment. SUVA, g, of E horizon DOM was indistinguishable from
that of incoming O-horizon DOM in both red pine and sugar
maple ecosystems (P = 0.541), whereas, across both ecosystems,
SUVA,¢4 of DOM from B-horizon lysimeters was significantly
lower than that of O (P = 0.001) and E horizons (P = 0.004).
Patterns of isotopic and spectroscopic properties of lysime-
ter DOM with depth are visualized together in Fig. 4. The DOM
collected from O-horizon lysimeters, “O-horizon end member,”
is rich in aromatics (high SUVA, ;) and depleted in BCasiten-
ters the mineral soil. In contrast, CaClz—extractable DOM gen-
crated from the column leaching experiment (E- and B-horizon
end members) has very low aromaticity and is enriched in 13C.
As DOM passes through the E horizon in red pine stands, its
isotopic and spectroscopic properties become slightly more like
that of CaClz—cxtractablc DOM, whereas in sugar maple stands
there is no shift following percolation through the E horizon.
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Application of §!3C data in a two end-member mixing
model allows for a quantitative estimation of the contribution
of surface-derived C to DOC entering and leaving the B horizon
(Table 3). Because column-extracted DOC was enriched in 13C
relative to bulk SOM, estimates of the contribution of surface-
derived C to DOC flux were always greater for calculations using
this as an end member. Considering both end members, changes
in 13C with depth suggest that approximately 80% of the DOC
entering the B horizon in red pine stands is derived from the
O horizon, whereas 40 to 60% of lysimeter DOC leaving the
lower B horizon is derived from the O horizon. By comparison,
O-horizon derived DOC appears to undergo much less exchange
with in situ SOM in sugar maple stands, where approximately
95% of the DOC entering the B horizon, and 70 to 80% of that
leaving the B horizon, appears to originate from the O horizon.
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Fig. 4. Biplot of 3'3C and SUVA,;, of lysimeter dissolved organic
matter (DOM) and column leachate solutions from red pine (A) and
sugar maple (B) stands. Lysimeter solutions draining the O horizon
are considered the O horizon end member representative of DOM
entering the mineral soil, whereas column leachate solutions from
E and B horizons are considered end-members for potentially
soluble soil organic matter in E and B horizons, respectively. Data
are averaged across sample dates and replicate stands; error bars
represent 1 SD.

Molecular Chemistry of DOM and SOM

We identified a total of 173 distinct compounds that oc-
curred in at least one of the lysimeter DOM samples analyzed
by py-GC/MS (Supplemental Table S1). NMDS analysis of all
lysimeter samples produced a two-axis solution with a final stress
of 0.094 (Fig. 5A). In red pine stands, O and E horizon lysimeter
samples clustered separately, with E-horizon samples occurring
between those of O and B horizons. In contrast, O horizon and
E-horizon samples from sugar maple stands overlapped broadly,
with some separation from the single B horizon sample. Sugar
maple DOM samples diverged from red pine DOM samples
primarily along Axis 1, whereas across both ecosystems DOM
chemistry changed with depth along both Axes 1 and 2.

A total of 63 individual compounds were significantly cor-
related with NMDS ordination scores (Supplemental Table S1).
To visualize how different classes of compounds contribute to
the ordination of DOM molecular composition, we created a
“box-and whiskers” plot of the distribution of vector direction
cosines for these 63 compounds, grouped by compound origin
(Fig. 5B). This plot illustrates the distribution of correlations
with each NMDS axis, within each compound class. Lignin-
derived compounds overwhelmingly exhibit strong negative
correlations with Axis 1, whereas N-bearing and protein com-
pounds overwhelmingly exhibit strong positive correlations with
Axis 1 (Fig. 5B). Thus increasing values along NMDS Axis 1 ap-
pear to indicate decreasing lignin to N ratios. The clear separa-
tion of O-horizon DOM from red pine vs. sugar maple stands
along Axis 1 indicate that O-horizon DOM from red pine stands
had high relative abundance of lignin-derived compounds and
low relative abundance of compounds derived from proteins and
other N-bearing compounds. Aromatic and lipid compounds
overwhelmingly exhibit strong negative correlations with Axis 2,
whereas other compounds are highly variable and inconsistent
with respect to Axis 2 (Fig. 5B). Changes in molecular composi-
tion with increasing soil depth along Axis 2 are associated with
an increase in aromatic and lipid compounds.

The py-GC/MS analyses of DOM, litter, soil, and root
samples identified 229 distinct compounds in red pine stands
(Supplemental Table S2) and 244 compounds in sugar maple
stands (Supplemental Table S3). The NMDS analysis produced
two-axis solutions with a final stress of 0.055 for red pine (Fig. 6A)
and 0.052 for sugar maple (Fig. 6C). In neither ordination was
there an indication of chemical similarity between SOM and
either O horizon material or root tissues; B horizon SOM was
quite similar to lysimeter DOM along Axis 1, but diverged from
this material along Axis 2. All fresh plant material, including roots
and O horizons, were distinct from lysimeter DOM and soil or-
ganic matter along Axis 1. Distributions of variable vector cosines
were similar in both ecosystem types (Fig. 6B and D) and show
that the change in molecular composition along Axis 1, moving
from fresh plant litter to deep soil SOM and/or DOM, is associ-
ated with a decline in lignin-derived compounds and an increase
in aromatics, lipids and protein-derived compounds. In contrast,

differences between solid-phase SOM and lysimeter DOM along
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and NMDS ordinations of molecu-
lar chemistry of lysimeter DOM,
we observed greater exchange of
DOM with E-horizon SOM in
red pine stands compared to sugar
maple stands. As an exploratory tool
to understand factors that may un-
derlie variability in the degree to which surface-derived DOM
exchanged with in situ SOM in transit, we conducted simple
linear correlations of our quantitative estimate of the percentage
of surface C passing through the E horizon (13C mixing model;
Table 3) against a suite of E horizon soil characteristics. We also
used sample axis scores of O horizon lysimeter solutions from
our NMDS ordination of lysimeter DOM py-GC/MS results
(Fig. 5) as measures of chemical characteristics of input DOM.
The concentration of imogolite-type minerals (ITM) and ratios
of C to pyrophosphate-extractable Fe and Al in E horizons ex-
hibited the strongest correlations with surface C delivery to the B
horizon. E horizons with less I'TM, and with lower C-saturation
of pyrophosphate-extractable Fe and Al, allowed a greater pro-
portion of surface C to pass through unaltered. NMDS Axis 1
sample scores of input DOM were the only other variable that
was significantly correlated with the proportion of surface C
reaching the B horizon; in this case, higher scores were correlated
with a greater proportion of surface C reaching the B horizon
(Table 4). The negative correlation between total E horizon C
stock and proportion of surface C reaching the B horizon was
strong, but not quite statistically significant (P = 0.083).

DISCUSSION
Does Surface C Reach the Subsurface Horizons
Directly?

We hypothesized that C derived from O horizons should
make a greater contribution to DOM entering the B horizon
in these coarse-textured Spodosols, when compared to what
has been recently reported for other soil types. This hypothesis
was borne out as our data provide strong evidence for the direct
delivery of O horizon C to depth in these sites. Spectroscopic
(SUVA,), isotopic (813C) and molecular (py-GC/MS) analy-
ses all consistently indicated that O horizons were the source for
the majority of DOM entering B horizons, with little contribu-
tion from SOM dissolution en route. Based on our §!3C mixing

Fig. 5. Non-metric multidimensional scaling ordination of compounds identified by py-GC/MS analysis
of lyophilized dissolved organic matter (DOM) samples (A) and “box-and-whiskers” plot showing
distribution of vector direction cosines within compound classes (B). In (A), RP is red pine and SM is
sugar maple. In (B), the center line represents the median, the box represents the central 50% of values,
“whiskers” define the Tukey inner fences, asterisks indicate values outside the inner fences and circles
indicate values outside the outer fences.

model, 80 to 95% of the DOM entering B horizons is surface-de-
rived, and even after passing through B horizons, surface-derived
C accounts for 40 to 80% of the C in percolating soil water. Thus,
as we hypothesized, there is far less exchange with in situ SOM at
our sites on Spodosols, than has been reported in C isotope stud-
ies in other ecosystems, which consistently report <25% of DOC
at depth originating from surface materials. Using additions of
14C Jabeled litter, Froberg et al. (2007) estimated that Oi hori-
zons contributed only 3 to 23% of the DOC at 15 cm and 5 to
23% of the DOC at 70-cm depth in an oak forest in Tennessee.
Using 13C labeled litter manipulations, Hagedorn et al. (2002,
2004) estimated that O horizons constructed from spruce-beech
litter contributed only 5 to 8% of total DOC at 5- to 10-cm
depth in mesocosms, and Hagedorn et al. (2012) found that O
horizons accounted for only 8 to 15% of DOC at 5-cm depth in
beech forests on calcareous soils in Switzerland. Sanderman et al.
(2008) did not specifically calculate a percentage contribution of
surface organic matter, but did cite the decline in SUVA,¢4 and
enrichment of §13C of DOM as a indicators of the exchange of
fresh, plant-derived OM for more humified SOM in lysimeters
in a redwood (Sequioa sempervirens)-Douglas-fir (Pseudotsuga
menziesii) forest in California. The overall pattern they observed
was similar to the results for our red pine sites (Fig. 3A and C),
but with a larger apparent contribution from SOM dissolution.
Our use of a 13C mixing model to estimate the contribu-
tion of O horizon C to DOM moving through soil is essen-
tial for quantitative comparisons with carlier studies that used
isotopically-labeled litter; however, it is important to consider
any potentially confounding effects of this approach. Of great-
est concern is the selection of an appropriate end member that
captures the §13C of soil C likely to exchange with DOC in so-
lution. The §13C of bulk SOM is clearly and distinctively more
enriched than that of surface O horizons or DOC originating
from O horizons. However, not all C in SOM is readily soluble
and the pool of potentially-exchangeable SOM is likely to be
much smaller (Sanderman et al., 2008) and could differ in §13C.
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within compound classes for red pine (B) and sugar maple (D) stands. In (B, D), the center line represents the median, the box represents the
central 50% of values, “whiskers” define the Tukey inner fences, asterisks indicate values outside the inner fences and circles indicate values

outside the outer fences.

Our column-extracted DOC was consistently more enriched in
13C than was bulk SOM, a finding consistent with other stud-
ies comparing §!13C of water-extractable organic C to its source
SOC (e.g., Gauthier et al.,, 2010; Nakanishi et al., 2012), sug-
gesting that the more hydrophilic fraction of SOM available for
exchange with percolating DOM is, in fact, more enriched than
bulk SOM. Whereas dilute CaCl, extracts have been suggested
to be one of the best approaches to generating DOM represen-
tative of that which would be soluble in situ (Reemtsma et al.,
1999; Zsolnay, 2003; Ros et al., 2010), we acknowledge that this
does not truly match the chemistry of percolating soil water, nor
can it account for variability in conditions that occur in situ.
Another important caveat to our estimates of the contribu-
tion of O horizons to DOM at depth (Table 3) is that we used a

two-end-member mixing model that only accounts for potential

contributions from the O horizon and from mineral soil OM;
we did not account for the potential contribution of DOM from
roots or root exudates within the mineral soil profile. Fine roots
are typically enriched in 13C by 1 to 2 per mil compared to fresh
leaves (Hobbie and Werner, 2004), but have similar §13C natural
abundance as forest floor materials (Garten et al., 2000, 2008).
For example, Fahey et al. (2012) found that sugar maple roots
from New York had §13C natural abundance between —27.6 and
—27.8, which almost exactly corresponds to what we observed
for Oe horizons in our sugar maple stands. Thus, if fine roots
in the mineral soil contribute significant quantities of DOM to
percolating water, then our mixing model would overestimate the
contribution of O horizons to DOM at depth. The fact that py-
GC/MS analysis could not differentiate roots from O horizons
means that we cannot use this as a tool to evaluate the degree
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Table 4. Correlation coefficients and probabilities for simple
linear correlations between the proportion of surface-derived
C reaching the B horizon as determined by an isotopic mix-
ing model (Table 2) and corresponding soil and input-solution
DOM properties (n = 6). Statistically significant correlations
are indicated by bold text. Plots of all statistically significant
correlations can be seen in Supplemental Figure S1.

r P
E horizon soil properties
Horizon thickness, cmt 0.362 0.481
C concentration, % -0.667 0.148
C Stock, kg m—2% -0.755 0.083
Sand content, % 0.127 0.811
Pyrophosphate Al + Fe (mg kg™ -0.091 0.863
Dithionite Al + Fe (mg kg™") 0.179 0.734
Oxalate Al + Fe (mg kg™ -0.509 0.303
Cto AIPy ratio§ -0.768 0.075
Cto FePy ratio§ -0.756 0.082
IMT, %9 -0.936 0.036
Input DOM chemistry
NMDS Axis 1 score 0.842 0.035
NMDS Axis 2 score 0.330 0.523

t Note that E-horizon thickness is equivalent to the second lysimeter
depth in Table 1.

¥ Total C in E horizon is calculated from C concentration, bulk
density, and horizon depth.

§ Molar ratios of carbon to pyrophosphate-extractable Al or Fe.
9 IMT, imogolite-type minerals.

to which this overestimation may have occurred. However, we
speculate that any overestimation is likely to be minor given that:
(1) O- horizon C pools are 3- to 10-fold higher than fine-root C
pools in the mineral soil (Tables 1 and 2), and (2) we observed
rapid and continual declines in leachate DOM concentrations
moving from the base of the O horizon through the mineral soil.

DOM-SOM Exchange in Sugar Maple vs.
Red Pine Stands

Carbon derived from the O horizon dominated the DOM
delivered to the B horizon in both ecosystem types; however, as
we hypothesized, DOM exchange with in situ SOM was much
greater in red pine stands (Fig. 4; Fig. 5). Sugar maple stands
were particularly noteworthy, in that DOM delivered to the B
horizon there was virtually unaltered relative to DOM produced
by the O horizon (Fig. 3B; Fig. 4B, Fig. SA). We used simple
correlations with a suite of soil and DOM properties to iden-
tify underlying factors driving the delivery of O horizon C to
the subsoil (Table 4). Although these correlations are limited by
being based on only six data points, they are consistent with a
large body of work on DOM transport processes in soil. First, we
observed a strong negative correlation between the percentage of
ITM in the E horizon and the delivery of O horizon C to the B
horizon. This relationship is consistent with the well-established
role of short-range order minerals in sorbing DOM from soil
solution (Kaiser et al., 1996; Kaiser and Guggenberger, 2000;
Farmer and Lumsdon, 2001; Mossin et al., 2002; Kothawala et
al., 2009; Kramer et al., 2012). Thus, E horizons that were more
strongly leached of ITM allowed a greater proportion of surface

C to pass through unaltered. Similarly, the ratio of E-horizon C
to E-horizon pyrophosphate-extractable Al and Fe are indices of
the degree of saturation of these metals by organic matter. Thus,
E horizons with relatively high C saturation allowed a greater
proportion of surface C to pass unaltered.

The strong positive correlation we observed between the
NMDS Axis 1 score of input DOM and the delivery of surface
carbon to depth is consistent with the understanding that hydro-
phobic, lignin-derived compounds preferentially sorb and dis-
place hydrophilic, N-rich compounds from soil reactive surfaces
(Kaiser and Guggenberger, 2000; Kaiser and Kalbitz 2012; Scott
and Rothstein 2014). DOM produced by O horizons in red pine
stands had high concentrations of lignin-derived compounds and
low concentrations of protein and N-bearing compounds, relative
to DOM from sugar maple stands (Fig. 6). Thus, it appears that
the chemical composition of DOM produced from forest floors
of these species matches well the traditional view of the chemical
composition of their respective litter from several studies of lit-
ter decomposition, that is, red pine litter has high lignin and low
N contents, whereas sugar maple litter has low lignin and high
N contents (Aber et al., 1990; Gholz et al., 2000; Parton et al,,
2007). Whereas the higher N concentration of sugar maple lit-
ter is consistent and unambiguous in the literature, the perceived
lower lignin content of sugar maple is unclear as “lignin” values
in these studies are all operationally-defined, acid-insoluble frac-
tions that may also include compounds originating from cutin,
waxes and condensed tannins (Preston et al., 1997). Our solid-
phase py-GC/MS analysis of Oi horizon material indicated a
slightly lower content of lignin derived compounds in sugar
maple stands (42 + 1.8%) compared with red pine stands (47%
+ 1.8%). Nevertheless, lignin derived compounds made up 26%
(£5.2) of the DOM draining red pine O horizons, compared to
only 13% (£2.5) of the DOM draining sugar maple O horizons.

The negative relationship between total C stock of the E
horizon and surface-C delivery was marginally-significant, but
makes sense as a potential driving factor, because this param-
eter represents the amount of in situ C available to exchange
with DOC as it percolates through the E horizon. Interestingly,
E-horizon thickness, or the path length through which perco-
lating solutions must flow, had no apparent influence on the
delivery of surface-derived C to the B horizon, indicating that
unaltered surface C can be delivered to great depths, as long as
soil and input DOM properties are conducive.

Our correlation analyses suggest that the degree to which
surface C pools are “disconnected” from subsurface horizons is
determined by the combination of surface horizon mineralogy
and the chemical composition of DOM produced in the litter
layer, which in turn is determined by characteristics of the domi-
nant vegetation. This interpretation is supported by examining
forest and soil characteristics of studies where surface-generated
DOM undergoes greater amounts of exchange with in situ SOM
than at our sites. These studies have generally been conducted on
soils below tree taxa typically associated with high-lignin, poor-

ly decomposing litters, including oak (Quercus; Froberg ct al,
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2007; Kramer et al., 2010), beech (Fagus; Hagedorn et al., 2002;
2004, 2012), and spruce (Picea; Hagedorn et al., 2002, 2004).
Although we do not have comparable mineralogical data, soils
in these studies appear to have less leached E horizons, higher
clay contents, and/or higher SOC concentrations than the soils
at our sites. Soil hydrology is likely to be an additional factor
contributing to the direct delivery of O horizon C to depth that
was not included in our correlation analysis. Kaiser and Kalbitz
(2012) specifically note that exchange with SOM is likely to be
lower under conditions of rapid percolation. The fact that soils at
our sites are largely unstructured and sandy suggests that move-
ment of DOM occurs mainly under conditions of saturated flow,
limiting its contact time for exchange with SOM. Thus, we do
not view the direct transport of surface C to depth observed in
our study as contradictory to the conceptual model put forward
by Kaiser and Kalbitz (2012), which emphasizes rapid exchange
with in situ SOM. Instead, we argue that the degree to which O
horizons deliver C directly to the lower profile varies predictably
based on hydrology, vegetation and soil characteristics. Forest
ecosystems dominated by species with high-lignin litter, occur-
ring on sites with fine-textured soils, high concentrations of reac-
tive minerals and/or high C contents in surficial horizons should
exhibit a strong disconnect between surface C pools and subsur-
face horizons. In contrast, forest ecosystems like our sugar maple
stands that are dominated by species with low-lignin litter, on
coarse-textured soils and with surface horizons nearly devoid of
reactive minerals and SOM should exhibit strong links between

surface C pools and subsurface horizons.

To What Degree Does Surface-Derived DOM
Contribute to Subsoil SOM?

Whereas our data clearly demonstrated direct transport of
largely-unaltered DOM from surface organic horizons to the
subsoil where it was rapidly removed from percolating soil water,
it is unclear the degree to which this illuvial transport of surface
C contributes to subsoil SOM stocks. The question remains the
degree to which this input of O-horizon C contributes directly
to stabile subsoil SOC, compared with the contribution of in
situ root C. Our NMDS ordination, taking into account the en-
tire suite of compounds identified does not provide conclusive
evidence for dominance by cither pathway. Certainly upper B
horizon SOM and eluviating DOM separated from roots and or-
ganic horizons (Fig. 6A and C) along NMDS Axis 1. However,
because root chemical composition was indistinguishable from
that of bulk O horizons (Fig. 6A and C) we cannot conclu-
sively distinguish roots vs. O horizons the source of C for sub-
soil SOM. However, it is important to note that roots are likely
making a significant contribution to DOM produced in the O
horizons, as there was intense proliferation of fine roots in Oe
horizons of both ecosystem types (Table 2). In fact, two-thirds or
more of the fine root biomass we quantified to a 50-cm depth oc-
curred in the O and E horizons, with very low rooting intensity
in the subsoil (Table 2). Although our data are not sufficient to
quantitatively compare the contribution of in situ root decay vs.

illuvial transport of O-horizon DOM to subsoil SOM stocks, we
argue that they are highly suggestive of a significant contribution
of illuvial C in these coarse-textured soils.

Another important point to consider is the degree to which
subsoil SOM stocks represent direct mineral stabilization of il-
luviating DOM vs. stabilization of compounds derived from
microbial processing of DOM. For example, Marin-Spiotta et
al. (2011) and Kramer et al. (2012) used 13C CPMAS NMR
to identify sorption of illuvial-transported of aromatic com-
pounds in DOM by short-range order minerals in B horizons
as the dominant source for subsoil SOM in Hawaiian Andisols.
Our py-GC/MS analysis exhibited some similarity to these stud-
ies in that negative NMDS Axis 1 scores for upper B horizon
SOM and lysimeter DOM indicate a high relative abundance of
aromatic compounds in both. However, we found that lysimeter
DOM and subsoil SOM diverged markedly alongNMDS Axis 2,
corresponding to an enrichment of SOM in lipids, proteins and
N-bearing compounds (Fig. 6). These data strongly suggest the
importance of microbial processing of C inputs to the B horizon
(whether from illuvial DOM or in situ roots) as has been well
documented in recent investigations into the nature of SOM for-
mation (Miltner et al., 2012; Gleixner, 2013; Kallenbach et al.,
2016). However, we cannot quantitatively evaluate the relative
importance of direct sorption of illuviating DOM vs. stabiliza-
tion of microbial products with our data alone.

CONCLUSIONS

Recent studies using isotopically labeled litter addi-
tions (Hagedorn et al., 2002, 2004, 2012; Froberg et al., 2007;
Kramer et al,, 2010) have concluded that, in some soils, little of
the DOM solubilized from surface litter reaches the subsoil di-
rectly, implying that O horizon C is largely “disconnected” from
mineral soil C stocks (Garten, 2009). Rapid sorption of surface-
derived DOM in the uppermost mineral horizons, and concomi-
tant dissolution of in situ SOM, have been proposed to explain
this phenomenon (Sanderman et al., 2008; Kaiser and Kalbitz,
2012). However, this view is at odds with traditional pedogenic
studies of podzolization, which view surface O horizons as a ma-
jor source of C for B horizons (Lundstrém et al., 2000; Sauer
et al,, 2007). At our study sites, with highly leached E horizons
and coarse-textured soils, multiple lines of evidence indicate that
DOM entering the B horizon is dominated by unaltered DOM
derived directly from the O horizon, pointing to very strong con-
nections between O horizon and mineral soil C pools. Despite
the fact that we observed very little exchange as DOM passed
through surface horizons, our results over the entire profile are
consistent with the “dynamic-exchange” conceptual model of
Kaiser and Kalbitz (2012), and, in fact, provide strong empiri-
cal support for their conceptual model. Our results confirm their
concept that the degree of exchange between DOM and SOM
should be controlled by reactive minerals and hydrology, and our
results further indicate that litter chemistry may be an additional
important driver of exchange. Although we clearly demonstrate

significant inputs of O-horizon derived C to the subsoil, we
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cannot quantitatively evaluate the importance of illuvial DOM
transport vs. in situ root turnover as a source of C to B horizons.
Finally, divergence in chemical composition among fresh plant
tissues (roots and leaf litter), lysimeter DOM and subsoil SOM
(Fig. 6) indicates the importance of microbial processing of C

inputs as a source for SOM
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